Radiative heat transfer between objects placed in the proximity, comparable to or smaller than the characteristic wavelength, exhibits complex wave features such as interference, tunneling, and surface-polariton excitation. [1] [2] [3] [4] [5] [6] Recent studies have shown that these near-field effects can realize emerging technologies, such as superlens, 7 subwavelength light source, 8 and polariton-assisted nanolithography. 9 In particular, near-field thermal radiation has been intensively investigated for potential applications of a highly sensitive near-field thermal microscopy [10] [11] [12] and a near-field thermophotovoltaic energy conversion system. 13, 14 To facilitate these applications, it is very important to determine the nearfield energy flow, especially the lateral shift of energy pathways. In the classical radiation theory, 15 the directional dependence of radiation leaving a surface is well described by the intensity. In the near field, however, the ray optics fails to describe the energy propagation direction because the refraction angle is not readily defined in the real space during photon tunneling. Despite significant progress in understanding near-field optics, the direction of energy propagation in nanoscale thermal radiation has not been fully understood.
The direction of the net energy flux of electromagnetic waves can be characterized by the energy streamlines ͑ESLs͒ formed by the time-averaged Poynting vectors. 16, 17 Recently, the ESL method has been employed to study the lateral shifts of energy path during photon tunneling, under the assumption that a plane wave is incident at a fixed parallel wavevector component ␤. 18 This assumption needs to be validated for near-field radiative transfer in which the emission of electromagnetic waves can be understood by the thermally excited random movements of charged particles inside the medium. 19 In other words, a full consideration of plane waves for all possible ␤ values may be necessary to determine the Poynting vector in the near field, as previously done for a binary grating 20 and a superlens. 21 In this letter, we show that when nanoscale radiation between two parallel surfaces is considered ͑refer to Fig. 1͒ , the Poynting vector is decoupled for each parallel wavevector component due to the nature of thermal emission. With the use of fluctuation-dissipation theorem 22 and dyadic Green's function, 23 thermally emitted electromagnetic waves in the vacuum gap are completely determined. The energy pathways in the near field are obtained for different ␤ values by tracing the Poynting vectors. While fluctuational electrodynamics has been used to calculate the energy flux in nanoscale thermal radiation, it has not been employed to describe the energy propagation direction. Let us consider nanoscale thermal radiation between two semi-infinite media separated by a vacuum gap, as depicted in Fig. 1 . The emitter and absorber are set to be SiC that can support surface phonon polaritons in its lattice absorption band between 10 and 13 m wavelengths. The frequencydependent dielectric function of SiC is calculated from the functional expression given in Ref. 24 . Due to the axial symmetry of planar surfaces, cylindrical coordinate may be used, so that the space variable is expressed as x = r + z = rr + zẑ, where r and ẑ are unit direction vectors. The random movement of charge particles causes fluctuating electric currents that will generate electromagnetic waves outside the source medium. With the assistance of the electric dyadic Green's function G ញ e , the induced electric field E due to the fluctuating current density j is given by 23 
E͑x,͒
where is the frequency, 0 is the vacuum permittivity, VЈ is the volume of medium 1, and a͒ being the transmission coefficients from medium 1 to the vacuum gap for s and p polarizations, respectively. Note that superscripts ϩ and Ϫ represent the forward and backward waves, respectively. The unit vectors for polarization states are defined by ŝ = r ϫ ẑ and p j ± = ͑␤ẑ ϯ ␥ j r͒ / k j , where k j = ͑ / c͒ j with c as the speed of light in vacuum. From Maxwell's equation, H͑x , ͒ = ͑i 0 ͒ −1 ٌ ϫ E͑x , ͒, the magnetic field can be expressed in a similar way based on the magnetic dyadic Green's function G ញ m ͑x , xЈ , ͒ that can be obtained by replacing e ញ with h ញ = ik 2 ϫ e ញ in Eq. ͑2͒.
The spectral radiative energy flux can be expressed by the time-averaged Poynting vector ͗S͑x , ͒͘ = 1 2 ͗Re͓E͑x , ͒ ϫ H * ͑x , ͔͒͘. The spatial correlation function of fluctuating current is ͗j k ͑xЈ , ͒j n * ͑xЉ , ͒͘ = ͑4/͒ 0 Im͓ 1 ͔⌰͑ , T 1 ͒␦ kn ␦͑xЈ− xЉ͒, where ␦ kn is the Kronecker delta function and ␦͑xЈ− xЉ͒ is the threedimensional Dirac delta function. 22 Here, ⌰͑ , Consequently, the double integration with respect to ␤ and ␤Ј in Eq. ͑3͒ reduces to a single integration in terms of ␤. The physical significance is that there is no coupling between different ␤ values that will contribute to ͗S͑x , ͒͘. Therefore, the separate treatment of the plane wave at a fixed ␤, as done in the previous work, 18 can indeed be applied to describe the energy propagation direction in nanoscale thermal radiation. The detailed derivation will be provided elsewhere.
To illustrate the energy propagation direction in the near field, ESLs obtained using fluctuational electrodynamics are plotted in Fig. 2 for selected ␤ values at = 10.55 m. The emission is assumed to originate from medium 1 only. The lateral and normal axes are normalized by the vacuum gap d, which is set to be 100 nm, i.e., in the proximity limit ͑d Ӷ͒. For propagating waves in vacuum ͑␤ Ͻ / c͒, each ESL forms a straight line and all ESLs are located inside the conical surfaces bounded by the ESL at the critical angle when ␤ = / c. The lateral shift ␦ increases as ␤ increases and reaches approximately 7d when ␤ = / c. In contrast to the refraction angle based on the wavevector, the energy propagation angle E can always be defined in the real space as the angle between the z axis and the Poynting vector for given and ␤. The energy propagation direction is different from the wavevector direction due to interference between forward and backward waves. For propagating waves in the proximity limit, the energy propagation angle remains the same in the vacuum gap. Since the magnitude of Poynting vector is independent of the azimuthal angle due to axial symmetry, the net energy flux to the lateral direction must always be zero.
In Fig. 2͑b͒ , ESLs are illustrated for ␤ =10 / c, 20 / c, and 30 / c when the energy is transferred via photon tunneling ͑i.e., coupling of evanescent waves͒. In contrast to those shown in Fig. 2͑a͒ , the ELS for a large ␤ value deviates from a straight line. In other words, the energy propagation angle E becomes a function of z in the vacuum gap. Taking ␤ =10 / c, for instance, we obtain E = 71°at z = 0.1d and E = 77°at z = 0.5d. Surprisingly, the lateral shift decreases as ␤ increases in Fig. 2͑b͒ , indicating that a larger ␤ does not necessarily cause a larger ␦. Furthermore, the ESLs for large ␤ values can be located either inside or outside the conical surface bounded by the streamlines corresponding to ␤ = / c. The curved ESL is not symmetric with respect to the midplane ͑z = 0.5d͒, although both media 1 and 3 are SiC. This may be due to the nature of coupling between forward and backward evanescent waves in the vacuum gap. If ␤ increases further, the ESLs become much curvier, as depicted in Fig. 2͑c͒ , for 40 / c ഛ ␤ ഛ 60 / c. The energy propagation angle E is greater than 65°at z = 0.1d and decreases as z increases to the center of the vacuum gap. When z approaches medium 3, E increases again. The lateral shifts of energy path in Fig. 3͑c͒ are comparable to those of propagating waves. However, the lateral shift can be as large as 100d if ␤ =87 / c although not shown in the figures. A previous study showed that approximately 70% of the spectral energy flux is carried by evanescent waves for 31 / c Ͻ ␤ Ͻ 61 / c. 18 Hence, the dominant energy transfer occurs by ESLs shown in Fig. 2͑c͒ . Since the lateral shift does not monotonically increase with ␤ and that the ESL is not a straight line in the case of photon tunneling, it is not easy to apply the concept of intensity, commonly used in radiative transfer, to the near field. It is worth noting that Ben-Abdallah 26 has derived a curved radiative transfer equation in weakly participating media with a generalized intensity based on the group velocity. Figure 3 shows the ESL projected to the x-z plane at = 10.55 m and d = 100 nm for ␤ =40 / c in all three media. Since the p-polarized waves dominate the spectral energy flux during photon tunneling for nonmagnetic materials, 19 the magnitude of transverse magnetic field is denoted by the colored contours ͑i.e., the brighter color indicates the greater value͒. To calculate the magnetic field, thinfilm optics is employed with an assumption that a p-polarized plane wave is incident from medium 1. The emission originated deeper from the surface than the radiation penetration depth could not reach the SiC-vacuum interface. Hence, the field distribution is plotted in the vicinity of the vacuum gap. It can be seen from Fig. 3 that negative refraction of energy path occurs at the interfaces between SiC and vacuum due to the opposite sign of their dielectric functions. This observation is consistent with a previous study that proposes a SiC slab as a superlens for midinfrared sources. 27 The energy streamlines are curved except for medium 3 where no backward waves exist. The magnetic field oscillates in the lateral direction as a result of the excitation of surface phonon polaritons.
It should be noted that, for a monochromatic plane wave incident on a subwavelength object or a periodic slit arrays, all diffracted waves are coupled coherently. The Poynting vector can be calculated by considering all the diffracted fields together, as commonly done in the literature. 17, 20 Similarly, the Poynting vector analysis of superlens imaging is conducted based on the superposition of plane waves through a Fourier expansion. 21 For near-field thermal radiation, as proved above, the electric and magnetic fields with different parallel wavevector components are decoupled. This is a unique characteristic of thermally emitted electromagnetic waves, which arise from random fluctuating currents. Due to the coupling of forward and backward evanescent waves for given and ␤, photon tunneling may occur and can greatly enhance radiative heat transfer at the nanoscale. The spectral radiative energy is transferred in infinite directions, determined by the energy streamlines that connect the Poynting vectors for each given ␤. While ESLs are useful in visualizing near-field thermal radiation, the complex structure of the Poynting vector field makes it difficult to extend the intensity concept to near-field thermal radiation. 
